Quantum photonics has demonstrated its potential for enhanced sensing. Current sources of quantum light states tailored to measuring, allow to monitor phenomena evolving on time scales of the order of the second. These are characteristic of product accumulation in chemical reactions of technologically interest, in particular those involving chiral compounds. Here we adopt a quantum multiparameter approach to investigate the dynamic process of sucrose acid hydrolysis as a test bed for such applications. The estimation is made robust by monitoring different parameters at once.
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All modern technologies make abundant use of sensors. Their use ranges in everyday tools such as mobile technologies and GPS navigators, to industrial applications. The sought objective, common to all sensors, is to achieve the most accurate measurement of a given signal, compatibly with the signal-to-noise ratio dictated by the quality of the hardware and the conditions of the environment. In this respect, initializing the sensor in a configuration with high sensitivity amounts to controlling its physical state. In the most general case, it is necessary to invoke the use of quantum features, in order to achieve the ultimate precision given by the Heisenberg limit [1, 2] . These promises can be fully realized by means of a robust control over the quantum properties of the device, even under unfavorable circumstances.
Quantum sensing [3, 4] offers a clear framework to study and implement measurement strategies to attain improved precision bound by exploiting the use of quantum probes. Photonics in particular provides a flexible and versatile platform for monitoring systems: probing is performed by preparing light so to show distinctively quantum behaviors. Phase estimation has been extensively studied [5] [6] [7] as the case in which quantum sensing with light can contribute the most. To this aim preparation address either the quadrature of the field, or the occupation number of distinct modes [8] . Squeezing is a prominent example of what the control at the quantum level of quadratures gains to precision: intrinsic fluctuations of a quadrature can be reduced below the shot-noise level, translating into an improved measurement of a phase. Alternatively N00N states, quantum superpositions of N photons being in either of two modes, can offer phase precision at the Heisenberg limit. Both cases have been conceived to monitoring in faint illumination conditions. This is the case whenever the energy of the probe can damage or affect the system under investigation [9] [10] [11] . The use of such resource states demands different measurement schemes, for instance balanced homodyne detection is very often used for squeezing, while interferometry and photon counting are preferred for N00N states. Following changes in the interrogated sample is one of the main purposes of sensing. When employing quantum light, the limting factor mostly comes from the detection system and from the need to accumulate enough repetitions of the mea- * ilaria.gianani@uniroma3.it surement for a meaningful analysis. The time-scales available with photonics vary depending on wether the probe is realised with squeezed or N00N states. The former allows to reach µs time-scales and has been adopted in adaptive phase-tracking [12] ; the latter, within the current and near-future technology, allows to track dynamics with at best sub-second resolution: this is mostly limited by the generation rate. It would then seem that probing dynamics with N00N states is doomed to be unsuccessful: however, some chemical reactions accumulate products over time scales fully compatible with these specifications. Among the possible chemical processes, those in which there is an alteration of the optical phase of the probe are the most intriguing, in particular those reactions leading to a change in the optical activity of the reactants and the products. Static chiral properties have already been assessed with quantum light [13, 14] .
Monitoring the dynamics of such processes in any realistic circumstances, adds another level of complexity, as changes in the samples might not be limited to their optical activity. Also, the quality of the probe state itself could degrade during the time span of the reaction. All these translate in a form of non-stationary noise polluting the measurements; due to its variations a simple pre-calibration is futile. In some instances, using a multiparameter approach provides a solution to this [15] [16] [17] , since it allows to estimate the parameter of interest simultaneously with the quality of the probe that investigates the sample.
Here we report on the first application of quantum multiparameter estimation to the tracking of a chemical process, the acid hydrolysis of sucrose [18] [19] [20] [21] [22] , in which the optical activity of the sample undergoes a change from dexorotatory to levorotatory due to accumulation of the reaction products. Using quantum-correlated probe states, we monitor jointly the phase and the contrast of the measurement itself. This guarantees to perform an effective and unbiased estimation of the optical activity despite the unavoidable experimental instabilities due to the setup and to the sample.
Optical activity is a rotation of the polarization axis of a light wave due to the circular dichroism of chiral compounds. These molecules are not symmetric under inversion hence they address right-and left-circular polarized light differently. This property is therefore a result of the structure of the molecules themselves and is frequently manifested in biomolecules and active principles in pharmaceutics [23, 24] .
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Quantifying the optical activity offers a simple and economic way to test the correct synthesis of chiral reactions products, with respect to structure measurements when these are not strictly necessary (e.g. monitoring the correct synthesis of a known reaction, as opposed to investigating the products of an unknown one).
In this letter we consider the hydrolysis of sucrose in an acidic environment; this is a well-known reaction with no competing processes, hence it serves as an excellent test bed for our technique. In detail, sucrose is a dimer composed of glucose and fructose. When an aqueous solution of sucrose interacts with hydrochloric acid (HCl), the latter acts as a catalyst for the hydrolysis of sucrose, eventually resulting in a solution of the two monomers, glucose and fructose. Sucrose is dexorotatory, with specific rotation • ), and its optical rotatory power is greater in module than glucose. The chirality of the solution, before the reaction starts, will depend only on the sucrose and will thus be dexorotatory. As the reaction is catalyzed and progresses, the solution will be a mixture of the three molecules, and its optical power will lower due to the increasing presence of fructose. When the reaction is completed all the sucrose molecules will be hydrolized and the chirality will result overall levorotatory. The time scale necessary to reach the final products will depend on the concentration of HCl used: the higher the concentration, the quicker the reaction will be completed. Figure 1 . Experimental setup. Single photons at 810 nm, generated via type-I SPDC from a -barium-borate (BBO, 3mm length) nonlinear crystal excited via a continuous-wave pump laser are sent through a half-wave plate (HWP1 at 0
• and HWP2 at 45 • ) before interfering on a beam splitter (PBS1) and the N00N state generated is sent on the chiral sample. A wave plate (HWP3) and a second polarizer (PBS2) project the outcoming photons onto different polarizations.
To monitor the dynamic of the optical activity we use the multiparameter strategy proposed in [13] . Figure 1 shows the experimental apparatus used to perform the phase estimation. Photon pairs are generated by Type-I Spontaneous Parametric Down Conversion (SPDC) and, after setting their polarization respectively to horizontal (H) and vertical (V), they are combined on a polarizing beam splitter (PBS). The two photons will have very similar spectra, hence they will be highly indistinguishable, thus their Hong-Ou-Mandel interference will result in a N00N state in the circular polarization basis, The chiral sample will impart a phase on the R polarization, so that after the interaction with the sample the state will read:
As the final measurement, the two optical modes are made to interfere with a controlled additional phase, and photon counting is performed [? ] . However, in a realistic case, imperfections in either the state or the measurement will lead to discrepancies from the predictions obtained based only on Eq (2). These would result in oscillations of the measured events depending on the imparted phase φ with visibility, v equal to one. In most cases, the imperfections simply result in a reduced effective visibility, although this does not cover the whole range of alterations. Providing a simultaneous estimation for the visibility v(t) and the phase φ(t) becomes of paramount importance to obtain a reliable measurement of the dynamics of the sample's optical activity when this is modified by a chemical process. Such joint estimation evades the difficulties linked to a pre-calibration of the visibility, as this might vary during the evolution. Notice that due to the spatial and time scale this method does not probe the chemical reaction itself, but rather tracks the accumulation of products; furthermore it is able to detect the formation of intermediate products. Multiparameter estimation is performed, at fixed time intervals, following the protocol reported in [13] , demanding to use four additional phases imparted by changing the angle θ of HWP3. The coincidence probability reads:
within the generic model we employed to describe the imperfections. We perform the measurement on an aqueous solution of sucrose with concentration 0,3 g/mL. The sample optical path is fixed at 2 cm. To demonstrate that we are able to follow different dynamics in the aforementioned time scale, we report on three different data set of the same sucrose solution mixed with varying amounts of acid (1M, 2M, and 3M respectively). Typical reaction times with these acid concentrations vary between tens of minutes to a few hours. For each measurement of φ(t i ), v(t i ), it is necessary to project the state into four different polarizations, θ = 0, π/16, π/8, 3π/16. Each setting of θ is acquired in 2 s. Given the time scale of the complete reaction, we perform a measurement every 30 s.
The results for the dynamics of the sample's optical activity for the three acid concentrations are reported in panel a) of Fig. 2 . These indicate that the chirality of the solution does indeed vary from dexorotatory (positive value) to levorotatory (negative value), reaching achirality at different times. We note how for the lowest acid concentration (1M) the measurement takes up to 6 hours, while for the highest concentration used(3M), the reaction is completed in approximately 30 minutes. In panels b) and c) the phase and visibility for the 3M acid concentration are presented. We observe a slight decrease in the visibility which, if not properly taken into account, would affect phase estimation, for instance introducing a bias of the estimated value. However, artefacts might still be produced whenever spurious effects differ significatively from what our model takes into account; these are reflected in the phase and visibiliity equally. The values of phase and visibility, as well as their uncertainties, are obtained via a Bayesian estimation based on the probability of Eq. (3). This procedure ensures the optimal uses of the collected count statistics. In order to perform the estimation it is necessary to provide a calibration value for the phase. This is obtained by performing a phase measurement with only water in the cell sample. The unusually low value of the visibility is to be attributed to the use of multimode fibers for the collection of the photons. These were required to account for the misalignements provoked by the sample on the photons spatial modes after mixing the solution with the HCl.
Since our multiparameter approach grants a reliable measurement of the optical activity despite the behavior of the visibility, it is not concerning to perform the measurement without reaching high visibility values, as long as this is not detrimental to the accuracy of the measurement. In fact, while quantum correlations in the probe allow to obtain a better estimation compared to a classical probe, low visibility values can remove this advantage. The bound on the precision for each parameter is provided by the Cramer-Rao bound (CRB), which sets a lower bound on the covariance matrix of the estimated parameters. Even in principle, it is not possible to extract all the available information on both parameters at the same time [15, 16, 25] : the better the bound for the phase, the worse that on the visibility. A trade-off must be chosen which amounts to investing part of the resources on estimating v; in our measurements, the trade-off is a function of φ only, and, for values around φ = 0, the resources are halved between the two estimations.
In Fig 3 we show the CRB for the two parameters and their correlations. The plot in fig. 3 a) show the CRB for the phase calculated for the maximum an minimum visibility for our experiment together with the classical bound. This considers, for any value of the phase, an ideal scenario in which multiparameter estimation is performed with classical light, given the same number of resources (i.e. detected photons), and the same trade-off between the precision. For the phase values considered, even our minimum visibility still provides a better estimation than the classical case.
Concluding, we have performed dynamical tracking of a chemical process using quantum resources. We have demonstrated that the precision of our measurement surpasses the classical limit through the dynamics even in the presence of noise. The robustness against noise is granted by the multiparameter approach which allows to monitor the goodness of the measurement itself in real time. Our work aims at emphasizing the suitability of quantum sensing for biological and chemical uses and opens new possibilities for the application of quantum technologies in these frameworks.
